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As células solares híbridas de perovskita orgânico-inorgânico sofrem com a falta de 
estabilidade frente a umidade e isso afeta negativamente a ampla disseminação dessa 
tecnologia fotovoltaica emergente. Neste trabalho, visando aumentar a estabilidade de filmes 
de perovskita com base em CH3NH3PbI3 e entender profundamente a formação de estruturas 
2D de perovskita, foram utilizadas soluções de cloretos de alquilamônio contendo 8, 10 e 12 
carbonos por spin-coating sobre a superfície de filmes de perovskita 3D, o que conduzem à 
formação in situ de estruturas 2D e uma estrutura mista 2D+3D. Foi possível identificar as 
fórmulas químicas de algumas estruturas 2D formadas por análises de DRX e UV-Vis dos filmes 
modificados. Curiosamente, o aumento da estabilidade dos filmes CH3NH3PbI3 devido à 
formação de uma rede de perovskita 2D + 3D só foi possível em substratos planos de TiO2. O 
aumento da estabilidade dos filmes de CH3NH3PbI3 segue a ordem do tamanho de cadeia nas 
moléculas de surfactante: octilamônio (8 C) > decilamônio (10 C) > dodecilamônio (12 C) > 
padrão (CH3NH3PbI3). Observamos um aumento de 17,6% na vida útil dos dispositivos 
montados com o filme de perovskita modificada com octilamônio em comparação com o 
dispositivo padrão, o qual está diretamente relacionado à melhoria da vida útil do portador 





Hybrid organic-inorganic perovskite solar cells suffer from a lack of stability and this 
negatively impacts the widespread of this emerging photovoltaic technology. In this work, 
aiming to increase the stability of perovskite films based on CH3NH3PbI3 and to deeply 
understand the formation of 2D perovskite structures, solutions of alkylammonium chlorides 
containing 8, 10 and 12 carbons were introduced during the spin-coating on the surface of 3D 
perovskite films leading to the in situ formation of 2D structures. It was possible to identify 
the chemical formulae of some 2D structures formed by XRD and UV-Vis analysis of the 
modified films. Interestingly, the increase in the stability of the CH3NH3PbI3 films due to the 
formation of a 2D+3D perovskite network was only possible in planar TiO2 substrates. The 
increase on stability of the CH3NH3PbI3 films follows the surfactant molecule order: 
octylammonium (8C) > decylammonium (10C) > dodecylammonium (12C) chlorides > 
standard. We observed an increase of 17.6 % in the lifetime of the devices assembled with 
octylammonium-modified perovskite film compared to our standard device, which is directly 
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 Solar energy and photovoltaic devices. 
1.1  Power production and consumption 
In 2016, global energy consumption was 111,029 TWh, and an increase of 28% is 
expected by 2040. Today, 18.8% of the world's energy consumption (24,973 TWh) is 
associated with conversion to electricity, generated by the consumption of fossil fuels, by 
flooding vast regions for a dam, or by the manipulation of nuclear reactions. In all cases, an 
enormous environmental impact is generated. Figure 1 shows the different matrices used in 
global electricity production in 2016. It is possible to notice that only 8 % is generated by 
renewable sources such as solar, wind, biomass, geothermal, and tide/wave ocean.1 
 
 
Figure 1: Electricity production in 2016 by source1 
 
Solar photovoltaic energy production increased from 4 TWh in 2005 to 328 TWh in 
2016.1,2 One explanation for this growth is the reduction in the production cost, which 
decreased from USD 77.76/watt in 1977 to USD 0.36/watt in 2015 for crystalline solar cells. 
This goes by Swanson’s law, which states that the cost of photovoltaic modules tends to drop 
20 percent for every doubling in global solar capacity. In other words, with the present rates, 
a drop of 75 % every 10 years is expected.3 This means that the cost of electricity production 











1.2 Solar Cells 
The photovoltaic effect was observed by the French Alexander-Edmond Becquerel in 
1839 and explained by the American Robert Millikan only in 1916. The first photovoltaic device 
was created by the also American Charles Fritts, in 1883, using selenium coated with gold, and 
it achieved a PCE of 1 % with a current “continuous, constant and of considerable force, not 
only by exposure to sunlight but also to dim, diffused daylight”.4,5 
In the 1950s, silicon technology started to be developed focusing on the creation of 
more resistant and efficient photovoltaic devices, especially for aerospace proposes. Those 
cells were based on extremely pure bulky monocrystalline silicon, or, later, polycrystalline and 
amorphous silicon, which demand purification methods that result in a very high production 
cost. This kind of device is commonly known as first-generation solar cells.6,7 Focusing on the 
reduction of production cost, the second generation of solar cells established the use of thin-
films, which decreases the amount of material necessary to build devices and allows the usage 
of different and cheaper raw materials such as cadmium telluride (CdTe) and carbon indium 
gallium selenide (CIGS). The use of these materials, however, leads to more intrinsic structural 
defects than observed in the first generation, resulting in a lower power conversion efficiency 
(PCE).8 
The third-generation solar cells are focusing on new materials with different operation 
mechanisms, alternative architectures, and a variety of distinct preparation methods. These 
kinds of devices are much cheaper than those of previous generations and include a wide 
range of technologies such as quantum dots, dye sensitizers, multi-exciton generation layers, 
photon upconversion layers, multilayer devices, and organic semiconductors. One of the great 
advantages of this last generation is the possibility to exceed the Shockley-Quessier limit, 
which states the maximum PCE that a single p-n junction cell can achieve in specific 
conditions.8,9 
Currently, almost 90 % of the electricity generated by photovoltaics is produced using 
silicon solar cells. The other 10% is produced using inorganic semiconductors such as CdTe, 
GaAs, and CIGS. Just a small portion is produced by third-generation solar cells, which presents 
versatile solutions to portable electricity harvesting devices and architectural solutions for 




Among these technologies, Perovskite Solar Cells (PSC) has attracted attention from 
the scientific community in the last 10 years due to their performance when used on the 
assembly of solar cells. In less than a decade, the PCE achieved by this technology increased 
from 3.8 %, in 2009 when Kojima first used this material as a sensitizer on DSSCs, to the record 
of 23.2 % (April 2018). Figure 2 presents the growth in efficiency records from 2009 to 2018. 
This efficiency was higher than some of the well-established technologies like multi-crystalline 
silicon (22.3 %), CdTe (22.1 %), or CIGS (22.9 %) and closer to the single crystal silicon (26.1 
%).11,12 Several studies in the literature present the positive points of this material, such as 
small exciton binding energy, ambipolar proprieties, long-distance (<1 m) charge carriers 
diffusion length, direct bandgap, etc.13–17 
 
 





1.3 Device architectures and operating mechanisms 
A solar cell is a device that can: I) absorb photons generating excitons, II) separate the 
excitons into free charge carriers, and III) extract the free carriers to an external circuit.  
When a photon hits the surface of a semiconductor its energy is transferred to the 
electrons, located on the crystal lattice, exciting it. That means that the electron will pass from 
the valence band (VB), where the electrons are part of the network of covalent bonds of the 
crystal, to the conduction band (CB), empty energy states in the solid. As the electron leaves 
the VB, since it leaves a localized covalent bond, a hole is created. Electrons and holes are 
pared as an exciton. The energy necessary to split excitons and create free charge carriers 
depends on the semiconductor and, for photovoltaic applications, it must be low. In this 
manner, electrons on the CB must be free to move within the crystal. Holes can also move in 
the crystal as the electrons on the VB rearrange to fulfill the absence of the excited one. These 
two particles, electron and hole, are called charge carriers.18–20  
It is required that the incident photon has an energy greater than the bandgap (energy 
difference between the VB maximum and the CB minimum) for the electron transition from 
the VB to the CB to proceed in the semiconductor. As photons with high energy hit the 
semiconductor, the energy difference between the photon energy and the bandgap is lost as 
heat and cannot be converted into electrical power.18–20 
Perovskites present a direct bandgap, meaning that there is an alignment between the 
maximum point on the energy curve of the VB and the minimum on the energy curve of the 
CB in relation to the crystal moment (vector k), a moment vector associated with quantized 
wave motion of the crystalline network represented in the reciprocal space  
The non-alignment of these bands leads to necessity for simultaneous occurrence of 
two phenomena so that the electron can be transferred from the valence band to the 
conduction band: 1) absorption of the photon leading to the promotion of an electron from 
the VB to the CB and 2) electron-phonon coupling, on which the momentum of the electron 
changes (Figure 3 A).39 The probability of simultaneous occurrence of these two events is 
small, so that the photon can travel a greater path within the material without being absorbed, 
as observed in crystalline silicon (c-Si), for example. This implies that, in materials with a direct 




absorbed. The absorption coefficient relates how far a photon with a determined energy can 
penetrate in a material before it gets absorbed. This value is huge in perovskites, which 
reduces the need of thick films and helps to reduce the cost of production due to the smaller 
amount of material needed (Figure 3 B). While the first and last solar cells second generation 
have thicknesses of about 300 μm and 2 μm, respectively, the PSC can reach a PCE greater 
than 15% with absorption layers thinner than 500 nm, reducing the amount of material and 
the costs involved. 
 
 
Figure 3: (A) Alignment of valence and conduction bands in materials with direct and indirect band 
gap. (B) Absorption coefficient of different materials according to the incident photon energy 
(Adapted from De Wolf et al. “Organometallic Halide Perovskites: Sharp Optical Absorption Edge and 




The charge carriers are separated by the creation of a junction between an n-type 
semiconductor, in which most charge carriers in the crystal are electrons, and a p-type 
semiconductor, where the holes are the main charge carrier. In this manner, the electrons on 
the n-side will diffuse to the p-side while the holes will take the opposite path. The electrons 
and holes will only recombine in a region close to the junction called depletion zone while 
they will still be accumulating on both p- and n-doped regions, creating an inner electric field. 
As photons hit the surface of the junction the created charge carriers tend to flow, electrons 
to one side and holes to the other, generating what is called drift current. The electronic field 
now created is opposite to the diffusion movement of electrons and holes. Now electrons and 
holes can be collected and extracted to an external circuit (Figure 4 b).18–20 
 
 
Figure 4: General working principle of a solar cell: 1) Exciton generation, 2) exciton diffusion, 3) free 
charges generation at the interface, 4) charge diffusion, and 5) charge collection on the electrodes. 
(Adapted from Paterno, L. G. Nanomateriais: Conversão de Energia Solar. In Grandes áreas Da 
Nanociência e Suas Aplicações; Elsevier, 2015)18 
 
The first-generation solar cells are the highly efficient monocrystalline silicon solar 
cells. In those cells, one side of a silicon wafer is boron-doped, creating a p-doped side, while 
the other side of the wafer is phosphorous-doped, resulting in an n-doped side and completing 
the p-n junction. Also, in the first generation, amorphous and polycrystalline silicon were also 
applied, but, in any case, a homojunction is formed. As silicon presents a low absorption 
coefficient, it is required thick wafers (~200μm) of material to ensure efficient photon 
absorption.18,20 
                  




In the second-generation solar cells are the inorganic thin-film solar cells, like CdTe 
solar cells, where the p-n junction is formed by thin films of p-doped CdTe, acting as an 
absorber, and n-doped CdS. Another type of second-generation device is the CIGS solar cells, 
where the active p-layer is a film of CIGS forming a p-n junction with n-doped Cadmium Sulfide 
(CdS). Different from the first-generation, a heterojunction (i.e., a junction between two 
different crystalline materials) now is present. Other layers are commonly deposited on this 
kind of device to improve the PCE. These materials present absorption coefficient higher than 
those on first-generation devices and the active layer can be thinner (~4 μm). As the amount 
of materials necessary to assemble the device decrease, the production price also drops.18,20 
Dye-sensitized solar cells (DSSC) are part of the third-generation photovoltaics and 
were created in 1991 by Brian O’Regan and Michael Grätzel and uses a series of 
thermodynamically favorable chemical redox reactions to generate current, Figure 5.22 First, 
photons absorbed by the sensitizer, a dye that is anchored onto (titanium dioxide) TiO2 
nanoparticles, lead electrons to the excited state. These electrons are transferred to the TiO2 
conduction band and diffuse through the nanoparticles until they reach the transparent 
anode, made with Fluorene-doped tin oxide (FTO) deposited over a glass, where they are 
collected (Anode). The oxidized dye is then regenerated by the redox reactions occurring 
between I-/I3- present on the electrolyte maintained by the electrons reaching the counter 
electrode (cathode) made with platin (Pt).23 This kind of device is composed of a series of 
components that perform specific functions on the operational mechanism of the device, and 






Figure 5: Schematic representation of the working mechanism of a dye-sensitized solar cell.23 
 
In 2009, Kojima et al. first used the CH3NH3PbI3 as a sensitizer in DSSC.12 The authors 
deposited a thin layer of perovskite over a mesoporous TiO2 scaffold to create a 
photoelectrode; a Pt-covered FTO glass was used as counter electrode, and the device was 
filled with an organic electrolyte solution containing a lithium halide and halogen as a redox 
couple. The perovskite, as the absorber layer, acts by absorbing the light and exciting electrons 
from VB maximum to de CB minimum. These electrons are injected in the TiO2 conduction 
band, defuse through the material until it reaches the FTO glass, and are extracted to the 
circuit from where it returns to the device on the counter electrode. The perovskite layer is 
regenerated by the redox reaction occurring on the electrolyte that is maintained by the 
counter electrode. The authors were able to reach a PCE of 3.81% when using CH3NH3PbI3 and 
LiI/I2 as a redox pair.  
Lee et al. substituted liquid electrolyte by a solid hole transport layer (HTL) 24 The HTL 
used was doped film of the macromolecule N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-
methoxyphenyl)-9,9′-spirobi[9H-fluorene]-2,2′,7,7′-tetramine (Spiro-OMeTAD), Figure 6 
deposited over the perovskite material. Burschka et al. used the same material as HTL in 2011 
but added to create solid-state DSSCs with PCE reaching 7.2 %, which is considered very high 






Figure 6: Molecular structure of Spiro-OMeTAD. 
 
Burschka et al. developed the first two-step deposition methodology to deposit 
perovskite to better control the perovskite precipitation and reduce variations on the 
morphology. 26 On single-step deposition, all the precursors are mixed on a single solution and 
an anti-solvent is used to help on the conversion to perovskite. In contrast, on the two-step, 
a film of lead iodide (PbI2) is deposited over the TiO2 substrate and only after that a 
methylammonium iodide (MAI) solution is dropped over the substrate and the growth of 
perovskite crystals are more controlled. Both methodologies can lead to devices with similar 
performances. 
Another breakthrough was the report by Ball et al., in 2013, that presented devices 
made without the mesoporous TiO2 layer, using only a thin TiO2 blocking layer.27 This 
architecture is more similar to that used in second-generation thin-film cells, where each layer 
has a function related to the production, separation or extraction of charge carriers. This 
fabrication design requires cheaper assembly methods and facilitates the general 
understanding of the physical processes that occur within the devices. 
It is important to mention that there exist two configurations for PSC. In the first, the 
one that has been presented until now, the perovskite film is deposited over an ETL, normally 
TiO2, and, over it, HTL is deposited, typically Spiro-OMeTAD, and a metal electrode is 
deposited at last. The ETL, in this case, is deposited over a transparent electrode, normally an 
FTO glass. In the second type, also called inverted configuration, the ETL and the HTL switch 
positions. Some other variations in architecture are also presented such as ETL-free, HTL-free 




1.4 Evaluation parameters. 
The PCE, a measure of how much of the incident light power can be converted into 
electric power by a solar cell, is calculated by measuring the current when an applied potential 
is altered as the device is exposed to sunlight. An I-V curve is obtained, and three parameters 
can be extracted. The first is called Short Circuit Current (ISC), which stands for the current 
flowing through the cell when the applied potential is 0 V. It is associated with the generation 
and collection of light-generated carriers and is the highest current that can be extracted from 
the device.18 The ISC depends on several factors: 
-Area: the higher the active area of the cell, the more photons it can absorb and, 
consequently, the higher will be the produced current. To overcome this dependence, 
normally the Short Circuit Current Density (JSC), the current produced on a certain area 
(mA cm-2), can be used. 
-Number of photons: more photons hitting the device results in more charge carriers 
produced. Increasing the number of photons increases the power input (Pin) of the 
device. The light is normally set at 100 mW cm-2. 
-Spectrum of the incident light: photons of specific wavelengths are absorbed by the 
device. Normally light sources used on PV characterizations simulate the solar 
spectrum, and an AM 1.5 filter imitates the air mass that filters the sunlight after it 
passes through the atmosphere to the earth’s surface. 
-Device properties: properties related to the architecture, materials, and assembling 
technics used to fabricate the device also influence the ISC. 
The second important parameter is called Open-Current Voltage (VOC), which is the 
potential difference when there is no current flowing through the device. It is the highest 
voltage that can be extracted from a device. This parameter depends intimately on the 
bandgap of the absorber. Recombination between charge carriers are responsible for 
decreases on the Voc values.18 
The last metric is called Fill Factor (FF), which is a measure of how close the Maximum 













In a J x V curve, these parameters can be observed as represented in the Figure 7. 
 
 
Figure 7: J x V curve and points of interest. 
 
The maximum power that can be extracted from a solar cell can then be calculated 
 
𝑃𝑚𝑎𝑥 = 𝑉𝑂𝐶  𝐽𝑆𝐶  𝐹𝐹 








                                    
   
   
    
    
    
    






   
  
   
  
  












The resistances that cause a reduction in the efficiency of a device are called parasitic 
resistances, and the most typical ones are the series resistance (RS) and the shunt resistance 
(RSH). The series resistance is related to the interface between the different layers of a device 
and to how difficult is the charge flow; consequently, pronounced reduction on the potential 





). The shunt resistance is related to 
loss of photocurrent by short resistance paths in the devices and can be traced to non-
radiative recombination. The shunt resistance is noticed by losses on the current density as 





). Devices presenting high RS and low RSH will present a low 







Perovskites are a wide class of materials that holds the general ABX3 structure like the 
calcium titanate (CaTiO3), inset in Figure 2. These materials are composed of corner-sharing 
[BX6]-4 octahedra units, formed by X- anions coordinating the B-site cation.14,28,29 The A site is 
localized in the interstice formed by the corner-sharing octahedra, which allows the migration 
of these ions into the material. For application on solar cells, A = CH3NH3+ (MA – 
Methylammonium), CH(NH2)2+ (FA – Formamidinium), Cs+, Rb+; B = Cu+2, Pb+2, Sn+2; X = Cl-, Br-
, I-, making this group of materials even more versatile. The most studied of these materials is 
the CH3NH3PbI3.14,30–33 The perovskite structure is guided by the Goldschmidt tolerance factor 







Where RA and RB correspond to the radius of the cations A and B, and Rx to the radius 
of the anion X. The tolerance factor is a semi-empirical formula that evaluates the stability 
and structural deformation of the crystal. The cubic phase, ideal perovskite structure, present 
0.9 <  < 1. Deviations of this value, such as 0.8 <  <0.9, lead to distorted octahedra perovskite, 
and the formation of perovskite is diminished for  < 0.8 and for  > 1.14,29,30,34,35 These phases 
transitions can also occur by temperature change on the system, and the most observed phase 
is orthorhombic.14  
The VB maximum has a strong contribution of s* and p* orbitals of B and X ions, 
respectively, and the CB minimum is formed by B p orbitals. The A-site cation influence in the 
B-X-B bond length and angle, modifying the bandgap without causing any change on the VB 
maximum. In this manner, it is possible to tune the bandgap of these materials to achieve a 
better performance just by changing or mixing different B-site cations and X sites (Figure 







Figure 8: Diagram with bandgap values for different hybrid cubic perovskites with the respective 
values of valence band maximum and conduction band minimum.37 
2D perovskite structures are commonly composed of inorganic slabs of corner-sharing 
[BX6]-4 octahedra sandwiched between long-chain organic cations (normally n-
alkylammonium) called separators (A’), while the Quasi-2D is achieved when m units of these 
same slabs in a transition between 2D and bulk perovskites. Two main groups of 2D perovskite 
might be formed depending on the organic spacer. The first one is the Ruddlesden-Popper 
(RP) phase, formed when monovalent separators are used in the preparation of the perovskite 
and forming A’2Am-1BmX3m+1. The RP structure is composed of a double layer of A’ between 
inorganic slabs kept by van der Walls interactions among the alkyl chains.40,41 The second one, 
Dion-Jacobson (DJ) phase, divalent separators (normally dialkylammonium cations) are 
incorporated, leading to A’Am-1BmX3m+1, which results in a monolayer of A’ connecting the 
inorganic slabs.41–43 The divalent separator leads to a smaller distance between the inorganic 
sheets, which directly affects the optical properties and stability of the material.43 Figure 9 
presents both DJ and RP structures of 2D perovskites where AMP stands for. 






Figure 9: Different crystal structures for 2D Ruddlesden-Popper perovskite and 2D Dion-Jacobson 
perovskite.44 
 
As these materials are dimensionally reduced, they can exhibit quantum confinement, 
meaning that the charge carriers can move freely only in two dimensions, as the separator 
molecule acts as an insulator. Consequences of this behavior can be noticed in their 
photoluminescence (PL) and absorption spectra. 
Takeoka et al. performed studies where the composition of the perovskite was 
analyzed as the authors changed the A’ chain length (CH3(CH2)nNH3+, n = 1, 2, 3, 5, 9), halide 
species (Cl-, Br-, I-), and the proportion between A’:A (A = MA) on the formation of 
A’2(CH3NH3)m-1PbmX3m+1, Figure 10.45 By doing so, the authors noticed that increasing the chain 
size of A’, one also increases the d-distance, but changes in this parameter do not change the 
position of the absorption peak that is related to excitonic transitions. This first result is a 
consequence of the band structure of this material. The authors also noticed that changes in 
the atomic radii of the halogen lead to a change in the absorption band position: a redshift is 
observed with the series Cl- < Br- < I-. It was also noticed some changes in the d-spacing caused 
by the accommodation of those ions in the structure. At last, it was noticed that, by changing 
the stoichiometric ratios of A’:A (A’ = CH3CHxNH3I, x = 1, 2, 3, 5, 9), it is possible to change the 
m value on the structure A’2(CH3NH3)m-1PbmX3m+1, which leads to changes in the d-spacing, 






Figure 10: Structural changes in 2D perovskite structures due to variation in the molar ratio of 
reagents.45 
 
Quan et. al. performed density functional theory (DFT) calculations and reported that 
the low formation energy of CH3NH3PbI3, together with the exacerbated presence of humidity, 
leads to a decomposition reaction.46 The author observed that the insertion of an A’ molecule 
(phenylethylammonium, PEA) lead to the formation of 2D PEA2MAm-1PbmI3m+1 structure and 
the presence of A’ on the structure induces quantitatively appreciable van der Waals 
interactions. Since the degradation process occurs from the surface to the core, the insertion 
of A’, which binds more strongly to the PbI2 octahedra than MA, prevents the evolution of 
methylammonium iodide (MAI) in the gaseous form by reducing the rate of the reorganization 
of the molecules on the surface. The formation energy of 2D structures increases with the 
reduction of m values in the PEA2MAm-1PbmI3m+1 (Figure 11 a). The structures with lower m 
values should present higher relative stability when exposed to humidity conditions (Figure 




the device. On the other hand, the ones with higher m values presented a better efficiency, 
but with small stability.  
 
 
Figure 11: A) Formation energy versus relative stability of 2D structures. B) Relative decomposition 
lifetime versus number of layers n. 46 
 
Normally ammonium groups are present in the separator molecules, but it is not a 
prerequisite. Li et al. prepared 2D perovskites by mixing alkylphosphonic acid ω-ammonium 
chlorides with the precursors for the synthesis of the perovskite, Figure 12. The authors 
describe the system as a bulk perovskite with the butylphosphonic acid ω-ammonium (4-
ABPA) cation as a cross-linking agent that increases the stability of the perovskite film while 
increasing the PCE of the solar cell. 4-ABPA ions coordinate with the perovskite through both 
the ammonium and phosphonate groups, leading to the formation of a 2D DJ structure. With 
this DJ phase formed, the authors were able to increase the stability of the devices. The 
authors did not identify which DJ structure is formed, but, as the rate A’:A was small 










2.2 Structural defects 
Given the easy processability of perovskites, it is expected that these materials present 
a high level of defects formed during the crystallization. These defects can lead to carrier non-
radiative recombination centers and interact with the carriers, reducing the efficiency of the 
charge transport, which leads to a decrease in device efficiency. Different types of structural 
defects can be observed; however, the most studied on perovskite materials are the punctual 
defects: vacancies, interstitials, and anti-site defects. These defects can lead to Shockley-Read-
Hall recombination (SRH), where trap states are created between the VBM and the CBM, and 
electrons in these states lose energy to phonon vibrations. Point defects could form deep 
defects, which generates levels in the middle of bandgap, or shallow defects that can act like 
doping on the perovskite materials by creating level close to the VBM and CBM in the 
bandgap.47 The difference between them is that shallow defects can be more easily controlled 
and do not cause significant losses to the performance of the device. Normally, point defects 
in perovskite materials generate only shallow defects. Other important recombination centers 
that must be highlighted are the grain boundaries, created by an abrupt change on the 
crystallographic direction, normally happening in contact regions between two crystals that 
have grown independently from each other. This kind of structural defects also leads to the 
creation of shallow levels and SRH. 
If we consider that most of the non-radiative recombinations are trap induced, so the 
carriers get trapped on the point defects and cannot recombine via band-to-band, we can 
relate decay lifetimes, measured by time-resolved photoluminescence, with the carrier 
recombination lifetime. This relation can also be considered if two systems present the same 
order of non-radiative recombinations. As mentioned before, these recombinations are 
responsible for the difference between the bandgap and the VOC. In this manner, we can 
understand that the deposition technique, the molar proportion between the components, 
and the quality of the feedstock are vital to achieving a material with a low density of defects. 
It was observed that the 2D and Quasi-2D structures present longer PL lifetimes, 
indicating that they present less punctual defects and grain boundaries. Lin et al. tested a 
series of BAx(FA0.83MA0.17)1-xPb(I0.6Br0.4)3 (0 ≤ x ≤ 1), where BA = butylammonium (Figure 13), 
and observed a blue shift in the emission, measured using a photoexcitation in 398 nm, with 




They also observed an increase of the PL lifetime, associating this change with the passivation 
of defects caused by the creation of 2D structures in the grain boundaries.48 In this manner, 
the created charges, when reaching the interface coming from the 3D crystal, instead of 
getting trapped and recombine, will reflect back to the grain. 
 
Figure 13: Proposed structure to the BAx(FA0.83MA0.17)1-xPb(I0.6Br0.4)3 perovskite with a lower 
concentration of the separator structure (x is low).48 
 
In a different approach, Koh et al. prepared a 3D Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 
perovskite and then spin casted 10 mM of BA or octylammonium in isopropanol for 30 s with 
no mention to the solution flux. This different methodology implied in the creation of a thin 
layer of 2D structure, formed by the infiltration of the separator in the perovskite film, inside 
the original bulk perovskite. After this treatment, it was also observed an enhancement on the 
emission lifetime. The increase in the lifetime of charge carriers could be directly associated 
with surface passivation, given the reduction in the number of trap states, estimated by 
plotting the PL intensity as a function of photo-generated exciton density, after the formation 







As the PCE in the lab-scale is reaching more than 20%, the commercialization of PSC is 
being delayed by the long-term stability of some components. It is expected for a practical 
solar cell a stable power at operational conditions of one sun at moderate temperatures, 
reached by the heat of the sun, and at environmental moisture and oxygen conditions. These 
materials, however, have not able to deliver full power for long periods due to both structural 
and environmental instability. 
The intrinsic structural instability is associated with the Goldschmidt tolerance factor. 
It is expected the materials with  close to the middle of the range of 0.8 <  <1.0 are more 
stable. By mixing different cations (Cs+, FA, MA, Rb+) and anions (I-, Br-, Cl-) on the perovskite 
structure, it is possible to tune the  to the ideal range, creating a more stable material. This 
mixing, however, must be done carefully to avoid the formation of non-perovskite phases that 
can accelerate the degradation rate. Another important factor that must be controlled is the 
crystal structure of the formed material, as those with cubic perovskite structure, more 
symmetric, present better stability than the ones with tetragonal structure. When submitted 
to the influence of an electric field, intrinsic ions migration occurs in the material, 
independently of the crystal phase. These ions migrations supposedly take place in cation and 
anion defects and can cause, as consequence, phase segregation that can affect long-term 
stability.50  
There is also, for these materials, concern about environmental stability. These 
materials are highly sensitive to moisture, atmosphere gases, heat, light, etc. It is known that 
perovskites effectively interact with water molecules by Van der Waals interactions-forming 
hydrated perovskite structures and, as it occurs, there is a change in local properties. It was 
shown that the combination of oxygen and light can lead to fast degradation. The mechanism 
here involves an electron transfer from the perovskite excited state, generated by photon 
absorption, to the O2 molecule, leading to the formation of superoxide ions (O2.-). Once the 
superoxide ions are formed, it can readily react with the perovskite, resulting in methylamine 








𝐿𝑖𝑔ℎ𝑡,   𝑛𝑜 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒
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.−  +  2𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 →  2𝐶𝐻3𝑁𝐻2  +  2𝑃𝑏𝐼2  + 𝐼2  +  𝐻2𝑂 
 
During the operation of the device, several light-induced processes such as 
photocatalytic degradation by TiO2, photo-induced ion migration, photo-induced cation or 
halide redistribution (leading to phase segregation), large photo-induced dielectric constant, 
etc., influence performance and deterioration on devices. By replacing TiO2 with less active 
materials (Aluminum oxide, Al2O3, or Tin oxide, SnO2) or by passivation of its surface, the 
photodegradation can be avoided. The phase segregation can lead to the formation of low-
band-gap trap states, causing a loss of performance; it can be slowed down by increasing the 
grain size, reducing the volume of grain boundaries, and tuning the composition with Cs+ and 
FA. 50 
It is known that the penetration of water on the films is fast and can be reversed if 
there is no substantial infiltration. Studies indicate that, up to certain amounts, hydrated 
species can lead to passivation of surface defects and grain boundaries. Nonetheless, after 
intense penetration of water, it is possible to observe full degradation of the film with the 
formation of PbI2, CH3NH3I (MAI), and H2O (Equation below), in the case of the CH3NH3PbI3.30,52 
Among the strategies that have been used to deaccelerate moisture-induced degradation, 
which is the focus of this work, is the incorporation of 2D structures on 3D structured 
perovskites.30,50 
 
4 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3  +  4 𝐻2𝑂 ⇌  4 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 · 𝐻2𝑂
⇌ (𝐶𝐻3𝑁𝐻3)4𝑃𝑏𝐼6 · 2 𝐻2𝑂 +  3  𝑃𝑏𝐼2  +  2 𝐻2𝑂 





The 2D structures are known to be more resistant to humidity exposure than the 3D 
ones. Soe et al. has prepared devices using BA2MA4Pb5I16 (m = 5) as active the layer and 
compared the stability of these, when exposed to relative humidity (RH) of 30 %, over devices 
prepared with the 3D bulk material by monitoring the rise on the PbI2 characteristic diffraction 
(2 = 12.70°). It was possible to notice an increase of this peak in the 2D material only after 28 
days, while it took less than 15 days to a full degradation to occur in the 3D analog. The 2D 
device also retained around 90 % of the initial PCE after 330 h, while the 3D device could retain 
approximately 45 %. The PCE of the 2D device reached 9.4 ± 0.3 %, but no comparison was 
made with the PCE of the bulk device.53 
 
 
Figure 14: Monitoring of the degradation of 3D MAPbI3 (a) and 2D BA2MA4Pb5I1 (b) perovskite films 
and comparison of the relative intensity of the PbI2 peaks at 12.70 °.53 
 
Zheng et al. prepared different (A’)2(FA)8Pb9I28 with A’ = C6H5CH2NH3+ (BE+ = 
benzylammonium), (CH3)2NH2+ (DI+ = dimethylammonium), (H3N(CH2)3NH3)2+ (PR2+ = propyl-
1,3-diammonium), or (H3N(CH2)4NH3)2+ (BU2+ = butyl-1,4-diamonnium) and studied the 
stability of these films and devices, Figure 15. Devices assemble using only 3D bulk FAPbI3 
presented the higher PCE (18.07 %) while the devices with (BE)2(FA)8Pb9I28, (DI)2(FA)8Pb9I28, 
(PR)(FA)8Pb9I28, (BU)(FA)8Pb9I28 presented efficiencies of 17.4 %, 15.02 %, 12.92 % and 11.71 
%, respectively. These results indicate that the 2D DJ-perovskite is not so suitable for the 
assembly of PSC compared to the 2D RP-perovskite. The first stability test was performed by 
exposing the films to 80 % RH and observing the changes in the color of the films, since, as the 




material degrades, the brown/black perovskites turn into the characteristic PbI2 yellow color 
(Figure 15 A). The results indicate a remarkable degradation on the 3D bulk FAPbI3 (less than 
360 hours), partial degradation of the 2D DJ-perovskite films, and the 2D RP-perovskite films 
resisted for a longer period. After 500 h, the films were analyzed by X-ray diffraction (XRD) 
and three things were observed: 1) all the 2D characteristic peaks at less than 10.0° 
disappeared; 2) an increase of the peaks at 12.7°, related to the PbI2 structure; and 3) a 
decrease of the peaks at 14.1°, characteristic of lead iodide perovskite materials (Figure 15 B). 
The results suggest that the 2D RD perovskite, especially (BE)2(FA)8Pb9I28, is more stable than 
the 2D DJ-perovskites. The degradation of the devices, ion the second stability test, presented 
an efficiency loss of over 20 % for (BE)2(FA)8Pb9I28, around 50 % for the (DI)2(FA)8Pb9I28, and 
around 70 % for both (PR)(FA)8Pb9I28, (BU)(FA)8Pb9I28 (Figure 15 C). The authors linked these 
results to the hydrophobicity of the separators, which are ordered as PR2+ < BU2+ < DI+ < BE+.54 
 
 
Figure 15: (A) Changes of the aspect of the 3D and 2D perovskites at different periods of exposure to 
RH = 80%. (B) Diffractograms of the 2D perovskite films after 500 h of exposure to RH = 80 %. (C) 










The general objective of this work is to study the stability of perovskite films modified 
with anionic surfactants of unbranched linear alkyl ammonium chloride with eight, ten and 
twelve carbon atoms (octylammonium, decylammonium, and dodecylammonium) 
The specific objectives are: 
I. Develop a methodology for applying surfactant on the surface of perovskite film. 
II. Observe variations in hydrophobicity of modified films; 
III. Analyze structural and morphological changes in perovskite films; 
IV. To evaluate possible variations in the performance of perovskite solar cells when 






Preparation of methylammonium iodide (MAI)  
8.65 mL methylamine and 13.19 mL hydroiodic acid (HI) were added to a 50 mL round 
bottom flask. The mixture was kept under reflux in an ice bath and under constant stirring. 
After two hours of reaction, the mixture was filtered, and the filtrate was dissolved in a small 
volume of hot ethanol and recrystallized from ice-cold ethyl ether. After recrystallization, the 
material was dried in a vacuum oven for 24 hours at 100 °C. The dried material was stored on 
a nitrogen atmosphere to avoid water adsorption. 
 
Preparation of alkylammonium chloride  
Equimolar amounts of the alkylamine compounds (octylamine, decylamine, and 
dodecylamine) and hydrochloric acid were added in round-bottomed flasks, which were 
placed in an ice bath and under constant stirring (the acid was slowly added to avoid 
accidents). After two hours of reaction, the mixture was filtered, and the solids were dissolved 
in a small volume of hot ethanol and recrystallized from ice-cold ethyl ether. After purification, 
the material was dried in a vacuum oven for 24 hours at 100 °C. The dried material was stored 
under a nitrogen atmosphere to avoid water absorption. 
 
Preparation of substrates 
FTO glasses were cut into rectangles of 12.5 mm by 18.75 mm and an FTO region of 
18.75 mm by 2.00 mm, near the edge, was removed using zinc and hydrochloric acid (2 mol L-
1). The substrate was brushed with neutral detergent solution, washed and sonicated in 
distilled water, ethanol and isopropanol and finally oven-dried at 100 °C for 2 h. Subsequently, 






Deposition of TiO2 films 
TiO2 films were deposited in both planar and mesoscopic configurations. A solution of 
73.2 μL mL-1 of titanium diisopropoxide bis (acetylacetonate) in 1-butanol was used to prepare 
the planar configuration. The deposition was performed by the spin-casting method at 2000 
rpm for 30 s. The film was heated at 125 °C for 5 min and, and after cooling at room 
temperature, it was treated with ozone. This procedure was repeated a second time, and, 
after deposition, the film was thermally treated at 500 °C for 30 min. The deposition and 
treatment of the TiO2 films were carried out in ambient conditions. Figure 16 represents 
schematically the deposition of the planar TiO2 over the FTO substrate. 
 
 





The mesoscopic film was deposited over the compact TiO2 layer as previously 
described without the final thermal treatment. A porous layer was then deposited using a 
dispersion of TiO2 nanoparticles (149 mg of 20 nm nanoparticle paste from DyeSol (DSL 18NR-
T) in 1 ml of ethanol previously stirred for 30 min. The mesoporous film was deposited by spin-
casting method at 5000 rpm for 30 seconds. Finally, the substrate was heated at 500 ° C for 












Deposition of perovskite films:  
The perovskite layer was prepared using a two-step methodology using solutions of 
MA iodide in isopropanol (30 mg mL-1) and PbI2 in dimethylformamide (DMF): dimethyl 
sulfoxide (DMSO) (17: 3, v/v) (645.4 mg mL-1) as precursors. The preparation of the solutions, 
as well as the deposition of the perovskite films, was performed inside a glovebox with N2: 
I. 30 mL of PbI2 solution at 80 °C was dropped on the surface of the substrate 
pre-heated at 50 °C. All the surface of the substrate was covered with solution 
that was carefully spread to avoiding contact between the pipet tip and the 
substrate. Micrometric grains can appear if any PbI2 crystal is present so the 
pipet tips were immediately discharged after used. 
II. The substrate was accelerated at 4000 rpm for 30 s for film formation; 
III. The substrate was accelerated to 6000 rpm for 30 s for film drying; 
IV. The substrate was decelerated at 5000 rpm for 35 s. After stabilization of the 
rotation speed, the MAI solution was dripped at a rate of a drop every 1.25 s. 
At this stage, the formation of the perovskite film occurs. It’s central to don’t 
let the surface of the film gets fully dried before another solvent drop wets it 
once again. It is important to control the dripping since it is closely linked to the 
film morphology and conversion on the material. It's also important to not let 
the atmosphere inside the glovebox get saturated with the solvent vapors since 
it is linked with the film drying and connected with morphology and quality of 
the material. 
V. Deceleration up to 3000 rpm where the substrates are held for 10 s to ensure 
solvent removal and drying; After this step the top covering film must be 
slightly brownish  
VI. Finally, the films were heated at 100 °C for 60 min. At the end of the process 
the film is dark brown and with a reflective and homogeneous surface.  
 







Figure 18: Representation of CH3NH3PbI3 deposition over TiO2 coated FTO substrates. 
 
Modification of the perovskite  
Modification of the perovskite films was performed using alkylammonium chlorides of 
different chain lengths (n = 8, 10 and 12 carbons). Previously, the surfactants were solubilized 
in chloroform at a concentration of 4.5 10-5 mol L-1. Then 800 μL solution was rapidly dripped 
onto the surface of perovskite films previously rotated at 2000 rpm. After 20 s of rotation, 20 
µL of pure chloroform was dripped to wash up the excess of surfactant. The modification was 







Figure 19: Schematic representation of the perovskite surface modification. 
 
To avoid degradation of the perovskite, the films were kept inside the glovebox and 
were only removed for analysis. 
 
Field Emission Scanning Electron Microscopy (FEG -SEM) 
The morphology of perovskite films deposited on both planar and mesoporous TiO2 
substrates were evaluated by Scanning Electron Microscope, JEOL, model 6360LV, with a 
beam energy of 5 kV. A very thin film, ≈ 5 nm, of gold were previously evaporated over these 
films to reduce the charge accumulation on the surface of the film and improve the quality of 
the acquired images. 
 
X-ray diffraction (XRD) 
X-ray diffractograms of the perovskite films deposited over both planar and 
mesoporous substrates with and without modification were obtained on a Shimadzu 





Visible and ultraviolet spectroscopy (UV-Vis) 
Absorption spectra of the perovskite films deposited over both planar and mesoporous 
substrates with and without modification were acquired using an Agilent spectrophotometer, 
model Cary 60, in the 500-800 nm range. 
 
Photoluminescence spectroscopy (PL)  
Photoluminescence of the perovskite films deposited over both planar and 
mesoporous substrates with and without modification were acquired using as a source of 
excitation a 300 W Kimmon He-Cd laser with a wavelength of 442 nm and an Ocean Optics 
USB2000 + detector with a homemade laboratory software based on LabView. 
 
Time-resolved Photoluminescence Spectroscopy (TrPL) 
Charge carrier emission dynamics of the perovskites films deposited over glass, to 
avoid quenching, were acquired using a time-correlated single-photon counting (TCSPC) in an 
Edinburg Analytical Instruments FL 900 spectrofluorimeter with an MCP-PMT (Hamamatsu 
R3809U-50) with a PicoQuant pulsed laser operating at exc = 405 nm (model LDH-D-C-405, 
with a bandwidth of 10 nm, pulses < 50 ps, P = 50 mW). The decays signals were collected at 
the maximum emission wavelength of the perovskite film. The instrument response was 
recorded using Ludox samples. At least 10,000 counts in the peak channel were accumulated 
for the lifetime determination. The emission decays were analyzed using exponential 
functions as described previously.55 
 
Contact Angle’s measurement  
High definition photographs were acquired immediately after the drip of water on the 
surface of the perovskite films to determine the hydrophilic properties. As the contact angle 
formed between the water drop and the surface decreases, the hydrophobicity increases. 





Film stability tests 
The films were left exposed to ambient conditions (temperature between 22-24 °C and 
humidity in the range of 40-60%) in order to evaluate the stability of the perovskite with and 
without modification. The ambient conditions were periodically monitored with a 
thermohygrometer for 3 weeks. At the end of each week, X-ray diffraction and UV-Vis spectra 
were obtained to evaluate the presence of degraded species and the formation of 2D 
structures. 
 
Kelvin Probe and Atomic Force Microscopies  
The morphology of the perovskite films with and without modification was evaluated 
with Atomic force microscopy (AFM) using an NX10 Atomic Force Microscope from Prak 
Systems. During the surface imaging, surface potential measurements were performed using 
a Kelvin probe force microscopy (KPFM). A pointprobe-plus Silicon-SPM-Sensor (PPP-EFM-W) 
with a resistivity of 0.01-0.02 Ω.cm produced by Nanosensors was used for this purpose. These 
two technics images the same area at the same time, but by measuring the different things. 
Atomic force microscopy maps the surface of a sample by measuring the variation on the 
height of a nanometric tip which gets almost in contact with the material surface, like a 
turntable. At the same time the tip interacts electrostatically with the surface of the sample 
and the equipment measures the applied potential necessary to overcome these interactions. 
 
Deposition of the Hole Transport Layer (HTL)  and final device assembling 
N2, N2, N2 ', N7, N7, N7', N7'-octakis(4-methoxyphenyl)-9,9'-spirobi[9H-fluorene]-
2,2',7,7'-tetramine (Spiro-OMeTAD) was deposited on the perovskite as an HTL. The film was 
deposited by spin-casting method inside the glovebox, at 3000 rpm for 45 s, using 30 μL of a 
0.068 mol L-1 solution of Spiro-OMeTAD in chlorobenzene with the addition of 16.1 μL mL-1 of 
4-tert-butylpyridine (TBP) and 30.4 μl mL-1 of a solution of lithium 
bis(trifluoromethanesulfonyl)imide (LiTSFI) in acetonitrile (170 mg mL-1). The film was then 
kept for 48 h in a dry chamber to increase the conductivity by a slow oxidation process. Finally, 




solar cells. The deposition was performed by ultravacuum thermal evaporation at 1 Å s-1 inside 
the glove box. The final procedure on the assembling of the device (Figure 20 a) and the final 
architecture (Figure 20 b) are presented below. 
 
Figure 20: a) Final procedure on the assembling of the photovoltaic device. b) The architecture of the 
device after the deposition of all layers. 
 
Characterization of the devices  
All devices were characterized with a Sciencetech class AAA solar simulator, calibrated 
with a silicon reference solar cell with KG5 filter, with 1.5G AM at 100 mWcm2. The current 
density curves vs. (J-V) were acquired in a Keithley 2400 SourceMeter, with steps of 10 mV 
and delay time of 0.25 s, resulting in 40 mV s-1 of scan rate. 
 
Device stability tests 
The devices without sealing were left inside the glove box for 80 h and periodically with 
the PCE measured. Then, after different periods, they were then removed from the glove box 




± 0.3 ° C) for 2 h to increase the degradation and then, placed in the glove box again so the 





Results and Discussion 
 Film characterization 
Figure 21 A shows the FEG-SEM images of the perovskite film surface with and without 
modification with the alkylammonium chloride surfactants. We observe the formation of a 
homogeneous granular perovskite film absent of pinholes in the standard CH3NH3PbI3 film 
deposited over the planar TiO2 substrate. The average grain size of perovskite film is 0,34 m, 
and a small increase on the grain size, to 0.36, 0.39 and 0.40 m, can be noticed after the 
treatment with the surfactant molecules, octylammonium, decylammonium and 
dodecylammonium respectively (Figure 21 B). The same morphological characteristics are also 
observed when films were prepared on mesoscopic substrates (Figure 34 A). 
Cross-section images of the planar perovskite films were also obtained (Figure 22). 
Interestingly, changes in the morphology are now seen when comparing the perovskite films 
with and without the surfactants. The standard perovskite is composed of grains with a 
dimension smaller than the thickness of the film. However, the grains in the modified films 
are larger and with the same dimension of the thickness. We believe that the chloroform 
solvent promoted a slightly superficial dissolution of the perovskite film, allowing the 
surfactant to reorganize and form the 2D structures.56,57 This is an indication of a total 
penetration of the surfactant solution into the perovskite film. As the surfactant length 
increases, the compactness also increases and larger grains are formed.46,49 Besides that, 
some works suggest that the presence of chloride may lead to the formation of larger grains, 
even that these ions do not remain in the films.58,59 There is no significant variation in the film 










Figure 22: FEG-SEM cross-section images of perovskite films deposited on the planar substrate 
 
The contact angle between a water drop and the surface of the perovskite films in the 
planar TiO2 configuration was measured to get more information about the hydrophobicity of 
the surface after modification. The contact angle analysis (Figure 23) confirms that the 
deposition of the surfactant results in a more hydrophobic surface.  The increase in the chain 
length of the surfactant causes a decrease in the wettability of the film, indicating a surface 
more tolerant to the presence of moisture. The order of surface wettability is 
dodecylammonium < decylammonium < octylammonium < standard. This trend was also 





Figure 23: Contact angle measurements between water drops and the surface of perovskite films on 
planar substrates. 
 
Atomic force microscopy (AFM) images of the modified and standard perovskite films 
were also obtained (Figure 24). In general, the introduction of the surfactant decreases the 
roughness of the perovskite films in comparison with the film without modification, as 
observed by the root mean square (RMS) values (23.5; 14.2; 18.8 and 21.6 nm for the 
standard, modified- octylammonium, modified-decylammonium, and modified-






Figure 24: Images of the planar perovskite films surface acquired by atomic force microscopy 
 
During the surface mapping by AFM the surface potential of the same region were also 
measured (Figure 25) and films modified with octylammonium and decylammonium exhibit 
regions with higher potentials, and we are inferring that these regions are composed of 2D 
structures, while the film modified with dodecylammonium present a surface potential 
distribution very similar to our standard film. The surfactants are expected to be bound to the 
surface PbI6-4 units via van der Waals interactions through ammonium (R-NH4+) groups and, 
eventually, penetrate on the perovskite crystallites, by the surface defects and grain 
boundaries, leading to the formation of 2D structures.60–62KPFM analysis corroborates with 
the FEG-SEM cross-section images that show that the bulk of the perovskite modified with 
dodecylammonium chloride results in a more compact film with larger grains. In this case, the 
2D resulting structures seem to be more localized in bulk than at the surface. For the 
octylammonium and decylammonium modified films, the presence of 2D structures at the 
surface might be responsible for smoothing the perovskite surface. The RMS values calculated 
from the AFM topography images agree to the potential distribution, being the 





Figure 25: Surface potential of the perovskite films maped using Kelvin probe force microscopy. 
 
The XRD patterns of the perovskite films (Figure 26 B) show the almost complete 
conversion of the perovskite precursors after annealing. We observe only a low-intensity peak 
at 2 = 12.72° related to the presence of PbI2, while peaks at 2 = 14.14°, 20.02°, 24.60°, 
28.32°, 31.78°, 35.21°, 39.16°, 40.64°, 43.20°, 50,32°, 51.64°, and 54.72° correspond to the 
planes (100), (110), (111), (200), (210), (211), (220), (221), (310), (222), (320) and (321) of the 
cubic perovskite structure. Peaks related to the structure of the FTO substrate are also 
observed at 26.60°, 33.81° and 37.90° 38,63 
Other peaks at 7.34°, 9.30°, 21.94°, and 25.36° are related to the intermediate 
(CH3NH3)2Pb3I8.2DMSO complexes, and the presence of these peaks may indicate an 
incomplete conversion to perovskite tetragonal phase.64  
By taking a closer look into the X-ray diffractograms of the surfactant-modified films, 
it is possible to observe the presence of new peaks in the region between 2.5° and 15° (Figure 
26 A), related to in situ formation of 2D structures. These peaks are reflections from the (001) 
plane and carry information about the interlayer spacing in the 2D RP (A’2Am-1BmX3m+1). More 




did not form 2D structures only wrapping individual 3D perovskite grains.65 Using the 
parameters proposed by Takeoka et al 45 for chain length (0.947 nm for octylammonium chain, 
1.068 nm for decylammonium, and 1.18 nm for dodecylammonium) and the thickness of 
perovskite sheet (0.43 nm) on the well, we can calculate the theoretical, 2 position of the 
(001) plane and the d-spacing using the Bragg’s law : 
 
2 d sin =  n’  (Eq 4)  
 
An excellent correlation between the experimental and the calculated 2 peaks is 
observed, (Tables 1, 2 and 3). Combining the information obtained using Bragg’s law with the 
general chemical formula, we speculate that the layers, m, which compose the in situ 2D 
structures have one, two and three sheets in the case of modification with octylammonium 
((CH3(CH2)7NH3)2PbI4, (CH3(CH2)7NH3)2(CH3NH3)Pb2I7, (CH3(CH2)7NH3)(CH3NH3)2Pb3I10), one 
sheet when the decylammonium chloride was used ((CH3(CH2)9NH3)2PbI4) and two sheets in 
the case of the decylammonium chloride. The perovskite formation was not completed when 
the deposition was performed on TiO2 mesoscopic substrates (Figure 35). Even using the same 
methodology, a more intense peak of PbI2 compared to planar perovskite is observed at 12.72° 
in all samples. The peaks related to the formation of the 2D structures are also present and 
also lead to the formation of layers composed of one or three sheets when modified with 
octylammonium and a single sheet when modified with decylammonium and 





Figure 26: X-ray diffraction patterns of CH3NH3PbI3 films deposited over planar TiO2 substrate before 
and after the modification with the surfactants. Focus on 2θ from 2.5° to 15° (A) and from 3° to 
60°(B). 
 
Table 1: Theoretical and experimental crystallographic data for the perovskite film modified with 
octylammonium chloride where m is the number of sheets in a layer, n’ is the order of reflection and 





2 ()  
Theoretical 






1 3.80 3.84 
2.29 ± 0.06 (CH3(CH2)7NH3)2PbI4 2 7.61 7.50 
3 11.43 11.88 
2 2.75 
1 3.20 3.10 
2.86 ± 0.02 (CH3(CH2)7NH3)2 
(CH3NH3)Pb2I7 2 6.41 6.12 







Table 2: Theoretical and experimental crystallographic data for the perovskite film modified with 
decylammonium chloride where m is the number of sheets in a layer, n’ is the order of reflection and 













1 3.44 3.54 
2.71 ± 0.10 (CH3(CH2)9NH3)2PbI4 
3 10.32 9.90 
4 13.78 13.18 
5 17.25 16.14 
9 31.33 27.06 
 
Table 3: Theoretical and experimental crystallographic data for the perovskite film modified with 
dodecylammonium chloride where m is the number of sheets in a layer, n’ is the order of reflection 





2 ()  
Theoretical 






1 3.16 3.14 
2.93 ± 0.02 (CH3(CH2)11NH3)2PbI4 
2 6.32 6.14 
3 9.48 9.04 
4 12.67 12.08 
5 15.86 15.02 
9 28.76 27.06 
10 32.04 30.14 
2 3.13 




9 25.57 23.64 
10 28.47 26.68 
 
The electronic absorption spectra of the perovskite films (Figure 27 A) display a small 
blue shift in the bandgap because of the exciton quantum confinement of the 2D structures. 
The bandgap of the perovskite films was estimated using the Tauc Plot (Figure 27 B) where 









Where A  is the absorbance and t is the film thickness.66,67 The bandgap values show a small 
increase; the bulk perovskite sample presents a value of 1.60 eV and the octylammonium, 
decylammonium, and dodecylammonium films present only a small change on the bandgap 
values: 1.60, 1.61 and 1.61 eV for respectively. 
The PL spectra were acquired using a 442 nm laser, it is expected that the laser 
penetrates only 65 nm on the perovskite films deposited on the planar TiO2 substrate (Figure 
28), presenting information about the surface of the films.68 It was possible to notice a slight 
blue shift when the value of m (well thickness) decreases, a consequence of the formation of 
in situ 2D structures into 3D bulk perovskites.53,69–71 The blue shift indicates a change on the 
on the contributions of the different emission processes that contribute to the curve. Also, 
the increase in the emission intensity observed after surfactant addition is a consequence of 
two contributions: reduction on non-radiative defects and decrease in the electron transfer 
rate to the TiO2 film. Finally, it was possible to identify the formation of emission bands 
between 550 and 675 nm, related to the emission of the in situ formed 2D structures as 
presented by Cao et al., where the main absorption band shifts to smaller wavelengths as the 
thickness of the layer decreases.69 The blue shift observed in the PL spectra of perovskite films 
deposited on a planar substrate was also observed when the films were deposited on a 
mesoscopic substrate (Figure 36). The intensity of the emissions, however, was higher when 





Figure 27: Normalized UV-Vis and PL spectra (A) and Tauc plots (B) of the perovskite films deposited 
on planar TiO2 substrate with and without modification. 
 
PL decays (Figure 28) exhibit a multiexponential profile, even for the non-modified 
perovskite film, which can be adjusted using a triexponential decay equation. Therefore, the 
emission bands can be deconvoluted on contributions of 3 different emission processes. 
Besides, the formation of 2D structures in situ on 3D perovskite film is not a controlled event, 
leading a complex emission dynamic. Taking into account these observations, we calculated 




enhancement of the <> was noticed with the increase of the carbon chain length of the 
surfactants, from 40 ns calculated to the pristine perovskite to 44, 55 and 53 ns for the films 
modified with octylammonium, decylammonium, and dodecylammonium chlorides, 
respectively. The increase in PL lifetime is directly correlated to a decrease in non-radiative 
recombination due to surfactant modification. Figure 20 shows that with the increase of alkyl 
chain length, more pronounced is the coalescence effect and the film modified with 
dodecylammonium chloride is indeed the most compact one with larger grains. As mentioned 
before, the formation of 2D structures reduces the dominant mechanism for recombination 
(trap-assisted non-radiative recombination) by passivating the surface imperfections present 
on the 3D structure, leading to an increase in the observed lifetime.48,49,72–74 In our work, 
however, we believe that the increase in compactness and in the size of grains present some 
contribution in increase PL lifetime.  
 
 




 Stability test 
Perovskite films, with and without the modification, were left 21 days exposed to 
ambient conditions of humidity (51.3 ± 5.6 %) and temperature (23.1 ± 0.3 °C). Visually, the 
moisture-induced degradation converts the brown CH3NH3PbI3 cubic perovskite to yellow PbI2 
film in less than 21 days, as can be seen in Figure 29. In the modified samples, the presence of 
brown spots dispersed in a yellow background of lead iodide indicates regions where 
degradation is delayed.  
 
 
Figure 29:) Photographs of the perovskite films showing the degradation patterns of perovskite films 
deposited over the planar substrate after 21 days of exposure to environmental conditions. 
 
The degradation of the films was followed by X-ray diffraction (Figure 30) and UV-Vis 
spectroscopy measurements (Figure 31). The reduction in the intensity of the (100) peak at 
2 = 14.14°, characteristic of cubic CH3NH3PbI3, and the increase in peak intensity at 
2 =12.80 °, characteristic of PbI2, are observed in all samples because of film degradation. In 




when the surfactants were introduced, especially in the films modified with octylammonium, 
the intensity of the (100) peak remains even after this period.  
 
 
Figure 30: X-ray diffractograms of the same samples taken every 7 days. 
 
During this period, new peaks emerge and they can be associated with the in situ 
formation of 2D perovskites (Surfactant)2(CH3NH3 )m-1PbmI3m+1 (A’2Am-1BmX3m+1) structures with 
m = 3 and 4 for octylammonium, m = 4 for decylammonium and m = 6 for dodecylammonium. 
The peaks related to these structures were not initially present due to their low intensity, 
however, when the system undergoes degradation, they became more pronounced. The 
presence of these 2D structures can also be confirmed by the presence of excitonic bands in 
the UV-Vis spectra after 7 days. In fact, after degradation the bands associated to  3D 
structures give place to the bands related to 2D structures.74 One important conclusion here 
is that our results suggest there is no correlation between the surface hydrophobicity caused 
by the covering with the surfactant and the tolerance to moisture, since the order of 
hydrophobicity (dodecylammonium > decylammonium > octylammonium > standard) does 
not match with the order of stability observed for the perovskite films (octylammonium > 






Figure 31: (A) Photographs of the perovskite films showing the degradation patterns of perovskite 
films deposited over the planar substrate after 21 days of exposure to environmental conditions. (B) 
X-ray diffraction and (C) UV-Vis spectra of perovskite films deposited over the planar substrate, with 
and without the modification, at the beginning and after 7, 14 and 21 days of exposure to 
environmental conditions. 
 
Although the results observed when the perovskites films are deposited over planar 
substrate has shown a decrease on the degradation rate after the formation of the 2D, the 






 Device Performance 
Considering that the modification with octylammonium chloride resulted in films with 
improved moisture stability, we applied this film in planar perovskite solar cells with the 
following architecture: FTO/compact/TiO2 planar/2D+3D perovskite/Spiro-OMeTAD/Au. 
Devices with the modification presented PCE of 8.0 ± 1.0 % in contrast to 9.6 ± 1.2 % delivered 
by the standard device. A slight increase in Voc is observed after the perovskite modification 
with the octylammonium chloride surfactant (from 0.91 ± 0.04 V to 0.94 ± 0.02 V): a behavior 
directly linked to the enhancement of the charge carrier lifetime, which agrees to the steady-
state and time-resolved domain PL measurements. Histograms for the parameters of the 
device (Figures 32 A) and J x V curve of the best device (Figure 32 B) are presented below. 
Although the VOC is lower than other reports in the literature for planar PSCs, the fill 
factor of the devices is the parameter that is most negatively affected in our studies. The 
values of the Rs, referring to the conductivity related to the charge mobility, and the shunt 
resistance Rsh, expressing the loss by recombination of the charge carriers, particularly on the 
interfaces were calculated to get a deeper understanding of the poor device’s performance. 
These values can be estimated by the analysis of the variation of the current by the potential 














    (Eq. 7) 
 
It is important to notice that, on state-of-art devices, Rs→0 and Rsh→∞. The calculated values 
of the resistances are displayed in Table 4. The values of Rs slightly increases with the 
modification while the shunt resistance decreases by and 1.5 times, after the modification. 
This is an indication that the poor FF values reflect an increase in the resistance due to the 
long chains present on the 2D structures and an increase in charge recombination at 2D+3D 




fundamental for charge collection, thus, more controlled deposition is required using the 
protocol described herein.75 
 
 
Figure 32: (A) Devices parameters (Jsc, Voc, FF, and PCE) of solar cells prepared without and with the 





Table 4: Values for series and shunt resistance in standard cells and modified with octylammonium 
chloride. 
 Rs (Ω cm-2) Rsh (Ω cm-2) 
Standard 11.95 581.52 
Octylammonium 14.00 384.95 
 
Devices assembled with standard and modified perovskite films were subjected to 
stability tests. The devices were left inside the glove box for 80 h without any significant 
changes in PCE. Thus, we carried out an accelerated degradation test, and the results are 
displayed as blue stripes in Figure 33. The octylammonium modified-based solar cells present 
a smaller PCE decrease when compared with the standard device. Considering only the 
accelerated degradation steps (inset in Figure 33), an increase of 17.66% in the lifetime of the 
devices based on octylammonium-modified films was observed. These results agree with the 
improved moisture stability induced by the presence of 2D structures.  
 
Figure 33: Efficiency loss related to the degradation of the device by exposing the devices to ambient 






The deposition of perovskite films using the two-step deposition technique has been 
successful and can be applied to both flat and mesoporous substrates. The deposited films 
were homogeneous and presented low roughness. The deposition of surfactants led to the 
formation of 2D structures due to the replacement of MA by CH3(CH2)nNH3+ ions, with n = 
8.10 or 12, in the perovskite structure. The formation of 2D structures could be evidenced by 
the emergence of diffraction peaks, absorption bands, and characteristic emission bands.  
When performing degradation studies, it was noted that even though there is an 
increase in hydrophobicity of films with increasing size of the surfactant chain, there is no 
relationship between this property and increased stability of films, as perovskite films 
deposited over planar substrate presented better stability on the octylammonium > 
decylammonium > dodecylammonium > standard while the hydrophobicity of the films grows 
on dodecylammonium > decylammonium > octylammonium > standard In the case of films 
deposited on mesoporous substrate, the modification led to a faster degradation of the films, 
however, there is no answer to why such phenomenon occurs. 
The use of atomic force and Kelvin force microscopy showed that regions with different 
surface potentials are formed when perovskite films undergo modification with surfactants. 
These regions were associated with the formation of 2D structures and a higher coverage was 
observed on the following order: octylammonium > decylammonium > dodecylammonium. 
The efficiency of the devices prepared with octylammonium were inferior (PCE 8.0 ± 
1.0 % in contrast to 9.6 ± 1.2 % of the standard) because the reduction in fill factor, which 
were explained by the increase in series resistance caused by the presence of 2D structures, 
which also reflected also on the decrease on the JSC. An increase in the VOC was also observed 
and is related to the passivation of the surface traps that lead to recombination of charge 
carriers. The lifetime of the assembled devices was 17.6 % higher when de modification with 







The application of RP 2D+3D perovskites is effective in prolonging the lifetime of PSCs, 
however, improvements in the processes involved, both in perovskite deposition and 
modification, must be implemented in order to obtain a better performance mutually on the 
PCE and delaying degradation over humidity. The application of single-step deposition 
techniques, such as solvent engineering, has been increasingly explored in film deposition due 
to the shorter processing steps, which facilitates large-scale applicability.41,76,77 The use of 
higher quality reagents, controlled environments and pure solvents are also critical for 
superior performance. 
The separator molecules present impacts on both PCE and device stability of the 
devices, and the choice on the molecule must be done carefully. Thus, the chain size of these 
molecules is of great importance since, as shown in this paper, molecules with longer chains 
may act as insulators, making it difficult to transfer charge, or even not fulfilling the desired 
role in degradation control. The use of conjugated molecules may reduce these effects, but 
studies have yet to be done in order to know the compatibility of these molecules with the 
modification technique presented here. Furthermore, the application of bivalent molecules 
using the technique proposed herein, which may lead to the formation of DJ 2D + 3D 
perovskites, can still be explored. This second type of separator may also contain conjugations 
in order to minimize the insulating effect these molecules may have during charge transfer. 
A greater number of experiments are still needed for a perfect understanding of the 
degradation acceleration phenomenon of perovskite films deposited on the mesoscopic TiO2 
layer. A better understanding of this phenomenon is required to give maximum control over 
devices assembled using this architecture and the methodology of using 2D + 3D perovskite 






(1)  Inernational Energy Outlook 2017 https://www.eia.gov/outlooks/ieo/pdf/0484(2017).pdf. 
https://doi.org/www.eia.gov/forecasts/ieo/pdf/0484(2016).pdf. 
(2)  International Energy Agency. Key world energy statistics. 
https://webstore.iea.org/download/direct/2291?fileName=Key_World_2018.pdf. 
(3)  Ferreira, A.; Kunh, S. S.; Fagnani, K. C.; De Souza, T. A.; Tonezer, C.; Dos Santos, G. R.; Coimbra-
Araújo, C. H. Economic Overview of the Use and Production of Photovoltaic Solar Energy in 
Brazil. Renew. Sustain. Energy Rev. 2018, 81 (February 2017), 181–191. 
https://doi.org/10.1016/j.rser.2017.06.102. 
(4)  Fritts, C. E. On a New Form of Selenium Cell, and Some Electrical Discoveries Made by Its Use. 
Am. J. Sci. 2013, s3-26 (156), 465–472. https://doi.org/10.2475/ajs.s3-26.156.465. 
(5)  Hadar, I.; Song, T.; Ke, W.; Kanatzidis, M. G. Modern Processing and Insights on Selenium Solar 
Cells: The World’s First Photovoltaic Device. Adv. Energy Mater. 2019, 9 (16), 1802766. 
https://doi.org/10.1002/aenm.201802766. 
(6)  Loferski, J. J. The First Forty Years: A Brief History of the Modern Photovoltaic Age. Prog. 
Photovoltaics Res. Appl. 1993, 1 (1), 67–78. https://doi.org/10.1002/pip.4670010109. 
(7)  Green, M. A. The Path to 25% Silicon Solar Cell Efficiency: History of Silicon Cell Evolution. Prog. 
Photovoltaics Res. Appl. 2009, 17 (3), 183–189. https://doi.org/10.1002/pip.892. 
(8)  Green, M. A. Third Generation Photovoltaics: Solar Cells for 2020 and Beyond. Phys. E Low-
dimensional Syst. Nanostructures 2002, 14 (1–2), 65–70. https://doi.org/10.1016/S1386-
9477(02)00361-2. 
(9)  Scheer, R.; Schock, H. Chalcogenide Photovoltaics; Wiley-VCH Verlag GmbH & Co. KGaA: 
Weinheim, Germany, 2011. https://doi.org/10.1002/9783527633708. 
(10)  Hodes, G. Perovskite-Based Solar Cells. 2013, 342 (October), 317–319. 
(11)  NREL. Efficiency chart https://www.nrel.gov/pv/assets/pdfs/best-research-cell-
efficiencies.20200203.pdf. 
(12)  Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal Halide Perovskites as Visible-Light 





(13)  Stranks, S. D.; Eperon, G. E.; Grancini, G.; Menelaou, C.; Alcocer, M. J. P.; Leijtens, T.; Herz, L. 
M.; Petrozza, A.; Snaith, H. J. Electron-Hole Diffusion Lengths Exceeding 1 Micrometer in an 
Organometal Trihalide Perovskite Absorber. Science 2013, 342 (2013), 341–344. 
https://doi.org/10.1126/science.1243982. 
(14)  Guo, X.; Burda, C. Coordination Engineering toward High Performance Organic–Inorganic 
Hybrid Perovskites. Coord. Chem. Rev. 2016, 320–321, 53–65. 
https://doi.org/10.1016/j.ccr.2016.03.013. 
(15)  Piatkowski, P.; Cohen, B.; Javier Ramos, F.; Di Nunzio, M.; Nazeeruddin, M. K.; Grätzel, M.; 
Ahmad, S.; Douhal, A. Direct Monitoring of Ultrafast Electron and Hole Dynamics in Perovskite 
Solar Cells. Phys. Chem. Chem. Phys. 2015, 17 (22), 14674–14684. 
https://doi.org/10.1039/C5CP01119A. 
(16)  Li, F.; Ma, C.; Wang, H.; Hu, W.; Yu, W.; Sheikh, A. D.; Wu, T. Ambipolar Solution-Processed 
Hybrid Perovskite Phototransistors. Nat. Commun. 2015, 6, 8238. 
https://doi.org/10.1038/ncomms9238. 
(17)  Kulkarni, S. A.; Baikie, T.; Boix, P. P.; Yantara, N.; Mathews, N.; Mhaisalkar, S. Band-Gap Tuning 
of Lead Halide Perovskites Using a Sequential Deposition Process. J. Mater. Chem. A 2014, 2 
(24), 9221–9225. https://doi.org/10.1039/C4TA00435C. 
(18)  Paterno, L. G. Nanomateriaia: Conversão de Energia Solar. In Grandes áreas Da Nanociência e 
Suas Aplicações; Elsevier, 2015; pp 1–40. https://doi.org/10.1016/B978-85-352-8090-6.50010-
4. 
(19)  Archer, M. D.; Hill, R. Clean Electricity from Photovoltaics; Series on Photoconversion of Solar 
Energy; PUBLISHED BY IMPERIAL COLLEGE PRESS AND DISTRIBUTED BY WORLD SCIENTIFIC 
PUBLISHING CO., 2001; Vol. 1. https://doi.org/10.1142/p139. 
(20)  Markvart, T. Solar Electricity, Second Edi.; Markvart, T., Ed.; John Wiley & Sons Ltd: Chinchester, 
UK, 2006. 
(21)  De Wolf, S.; Holovsky, J.; Moon, S.-J.; Löper, P.; Niesen, B.; Ledinsky, M.; Haug, F.-J.; Yum, J.-H.; 
Ballif, C. Organometallic Halide Perovskites: Sharp Optical Absorption Edge and Its Relation to 
Photovoltaic Performance. J. Phys. Chem. Lett. 2014, 5 (6), 1035–1039. 
https://doi.org/10.1021/jz500279b. 
(22)  O’Regan, B.; Grätzel, M. A Low-Cost, High-Efficiency Solar Cell Based on Dye-Sensitized Colloidal 




(23)  Nogueira, A. F.; Longo, C.; De Paoli, M. -a. Polymers in Dye Sensitized Solar Cells: Overview and 
Perspectives. Coord. Chem. Rev. 2004, 248 (13–14), 1455–1468. 
https://doi.org/10.1016/j.ccr.2004.05.018. 
(24)  Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith, H. J. Efficient Hybrid Solar Cells 
Based on Meso-Superstructured Organometal Halide Perovskites. Science (80-. ). 2012, 338 
(6107), 643–648. https://doi.org/10.1126/science.1228604. 
(25)  Burschka, J.; Dualeh, A.; Kessler, F.; Baranoff, E.; Cevey-Ha, N.-L.; Yi, C.; Nazeeruddin, M. K.; Grä. 
Tris(2-(1 H -Pyrazol-1-Yl)Pyridine)Cobalt(III) as p-Type Dopant for Organic Semiconductors and 
Its Application in Highly Efficient Solid-State Dye-Sensitized Solar Cells. J. Am. Chem. Soc. 2011, 
133 (45), 18042–18045. https://doi.org/10.1021/ja207367t. 
(26)  Burschka, J.; Pellet, N.; Moon, S.-J.; Humphry-Baker, R.; Gao, P.; Nazeeruddin, M. K.; Grätzel, M. 
Sequential Deposition as a Route to High-Performance Perovskite-Sensitized Solar Cells. Nature 
2013, 499 (7458), 316–319. https://doi.org/10.1038/nature12340. 
(27)  Ball, J. M.; Lee, M. M.; Hey, A.; Snaith, H. J. Low-Temperature Processed Meso-Superstructured 
to Thin-Film Perovskite Solar Cells. Energy Environ. Sci. 2013, 6 (6), 1739. 
https://doi.org/10.1039/c3ee40810h. 
(28)  Loi, M. A.; Hummelen, J. C. Hybrid Solar Cells: Perovskites under the Sun. Nat. Mater. 2013, 12 
(12), 1087–1089. https://doi.org/10.1038/nmat3815. 
(29)  Song, T.; Chen, Q.; Zhou, H. H.-P.; Jiang, C.; Wang, H.-H.; (Michael) Yang, Y.; Liu, Y.; You, J.; Yang, 
Y.; Liu, Y.; et al. Perovskite Solar Cells: Film Formation and Properties. J. Mater. Chem. A 2015, 
3 (17), 9032–9050. https://doi.org/10.1039/C4TA05246C. 
(30)  Koh, T. M.; Thirumal, K.; Soo, H. Sen; Mathews, N. Multidimensional Perovskites: A Mixed 
Cation Approach Towards Ambient Stable and Tunable Perovskite Photovoltaics. 
ChemSusChem 2016, 9 (18), 2541–2558. https://doi.org/10.1002/cssc.201601025. 
(31)  Butler, K. T.; Frost, J. M.; Walsh, A. Band Alignment of the Hybrid Halide Perovskites CH 3 NH 3 
PbCl 3 , CH 3 NH 3 PbBr 3 and CH 3 NH 3 PbI 3. Mater. Horiz. 2015, 2 (2), 228–231. 
https://doi.org/10.1039/C4MH00174E. 
(32)  Iagher, L.; Etgar, L. Effect of Cs on the Stability and Photovoltaic Performance of 2D/3D 
Perovskite-Based Solar Cells. ACS Energy Lett. 2018, 3 (2), 366–372. 
https://doi.org/10.1021/acsenergylett.7b01196. 




Cation Metal Halide Perovskites in Air. ACS Appl. Mater. Interfaces 2018, 10 (6), 5485–5491. 
https://doi.org/10.1021/acsami.7b15263. 
(34)  Milot, R. L.; Sutton, R. J.; Eperon, G. E.; Haghighirad, A. A.; Martinez Hardigree, J.; Miranda, L.; 
Snaith, H. J.; Johnston, M. B.; Herz, L. M. Charge-Carrier Dynamics in 2D Hybrid Metal–Halide 
Perovskites. Nano Lett. 2016, 16 (11), 7001–7007. 
https://doi.org/10.1021/acs.nanolett.6b03114. 
(35)  Park, N.-G. Methodologies for High Efficiency Perovskite Solar Cells. Nano Converg. 2016, 3 (1), 
15. https://doi.org/10.1186/s40580-016-0074-x. 
(36)  Yin, W.-J.; Yang, J.-H.; Kang, J.; Yan, Y.; Wei, S.-H. Halide Perovskite Materials for Solar Cells: A 
Theoretical Review. J. Mater. Chem. A 2015, 3 (17), 8926–8942. 
https://doi.org/10.1039/C4TA05033A. 
(37)  Jung, H. S.; Park, N. G. Perovskite Solar Cells: From Materials to Devices. Small 2015, 11 (1), 10–
25. https://doi.org/10.1002/smll.201402767. 
(38)  Oku, T. Crystal Structures of CH3NH3PbI3 and Related Perovskite Compounds Used for Solar 
Cells. In Solar Cells - New Approaches and Reviews; InTech, 2015. 
https://doi.org/10.5772/59284. 
(39)  Colinge, J.-P.; Greer, J. C. Nanowire Transistors: Physics of Devices and Materials in One 
Dimension, First.; Cambridge University Press, 2016. 
(40)  Schaak, R. E.; Mallouk, T. E. Perovskites by Design: A Toolbox of Solid-State Reactions. Chem. 
Mater. 2002, 14 (4), 1455–1471. https://doi.org/10.1021/cm010689m. 
(41)  Li, Y.; Milić, J. V.; Ummadisingu, A.; Seo, J.-Y.; Im, J.-H.; Kim, H.-S.; Liu, Y.; Dar, M. I.; Zakeeruddin, 
S. M.; Wang, P.; et al. Bifunctional Organic Spacers for Formamidinium-Based Hybrid Dion–
Jacobson Two-Dimensional Perovskite Solar Cells. Nano Lett. 2018, acs.nanolett.8b03552. 
https://doi.org/10.1021/acs.nanolett.8b03552. 
(42)  Mousdis, G. A.; Papavassiliou, G. C.; Raptopoulou, C. P.; Terzis, A. Preparation and 
Characterization of [H3N(CH2)6NH3]PbI4 and Similar Compounds with a Layered Perovskite 
Structure. J. Mater. Chem. 2000, 10 (2), 515–518. https://doi.org/10.1039/a906161d. 
(43)  Li, X.; Dar, M. I.; Yi, C.; Luo, J.; Tschumi, M.; Zakeeruddin, S. M.; Nazeeruddin, M. K.; Han, H.; 
Grätzel, M. Improved Performance and Stability of Perovskite Solar Cells by Crystal Crosslinking 





(44)  Mao, L.; Ke, W.; Pedesseau, L.; Wu, Y.; Katan, C.; Even, J.; Wasielewski, M. R.; Stoumpos, C. C.; 
Kanatzidis, M. G. Hybrid Dion-Jacobson 2D Lead Iodide Perovskites. J. Am. Chem. Soc. 2018, 140 
(10), 3775–3783. https://doi.org/10.1021/jacs.8b00542. 
(45)  Takeoka, Y.; Asai, K.; Rikukawa, M.; Sanui, K. Systematic Studies on Chain Lengths , Halide 
Species , and Well Thicknesses for Lead Halide Layered Perovskite Thin Films. Bull. Chmical Soc. 
Japan 2006, 79 (10), 1607–1613. https://doi.org/10.1246/bcsj.79.1607. 
(46)  Quan, L. N.; Yuan, M.; Comin, R.; Voznyy, O.; Beauregard, E. M.; Hoogland, S.; Buin, A.; Kirmani, 
A. R.; Zhao, K.; Amassian, A.; et al. Ligand-Stabilized Reduced-Dimensionality Perovskites. J. Am. 
Chem. Soc. 2016, 138 (8), 2649–2655. https://doi.org/10.1021/jacs.5b11740. 
(47)  Ball, J. M.; Petrozza, A. Defects in Perovskite-Halides and Their Effects in Solar Cells. Nat. Energy 
2016, 1 (11), 16149. https://doi.org/10.1038/nenergy.2016.149. 
(48)  Lin, Q.; Wang, Z.; Herz, L. M.; Snaith, H. J.; Sakai, N.; Chmiel, F. P. Efficient Ambient-Air-Stable 
Solar Cells with 2D–3D Heterostructured Butylammonium-Caesium-Formamidinium Lead 
Halide Perovskites. Nat. Energy 2017, 2 (9), 17135. https://doi.org/10.1038/nenergy.2017.135. 
(49)  Koh, T. M.; Shanmugam, V.; Guo, X.; Lim, S. S.; Filonik, O.; Herzig, E. M.; Müller-Buschbaum, P.; 
Swamy, V.; Chien, S. T.; Mhaisalkar, S. G.; et al. Enhancing Moisture Tolerance in Efficient Hybrid 
3D/2D Perovskite Photovoltaics. J. Mater. Chem. A 2018, 2122–2128. 
https://doi.org/10.1039/C7TA09657G. 
(50)  Jena, A. K.; Kulkarni, A.; Miyasaka, T. Halide Perovskite Photovoltaics: Background, Status, and 
Future Prospects. Chem. Rev. 2019, 119 (5), 3036–3103. 
https://doi.org/10.1021/acs.chemrev.8b00539. 
(51)  Gong, J.; Flatken, M.; Abate, A.; Correa-Baena, J. P.; Mora-Seró, I.; Saliba, M.; Zhou, Y. The Bloom 
of Perovskite Optoelectronics: Fundamental Science Matters. ACS Energy Lett. 2019, 4 (4), 861–
865. https://doi.org/10.1021/acsenergylett.9b00477. 
(52)  Müller, C.; Glaser, T.; Plogmeyer, M.; Sendner, M.; Döring, S.; Bakulin, A. A.; Brzuska, C.; Scheer, 
R.; Pshenichnikov, M. S.; Kowalsky, W.; et al. Water Infiltration in Methylammonium Lead 
Iodide Perovskite: Fast and Inconspicuous. Chem. Mater. 2015, 27 (22), 7835–7841. 
https://doi.org/10.1021/acs.chemmater.5b03883. 
(53)  Soe, C. M. M.; Nie, W.; Stoumpos, C. C.; Tsai, H.; Blancon, J. C.; Liu, F.; Even, J.; Marks, T. J.; 
Mohite, A. D.; Kanatzidis, M. G. Understanding Film Formation Morphology and Orientation in 




Mater. 2018, 8 (1), 2–11. https://doi.org/10.1002/aenm.201700979. 
(54)  Zheng, H.; Liu, G.; Zhu, L.; Ye, J.; Zhang, X.; Alsaedi, A.; Hayat, T.; Pan, X.; Dai, S. The Effect of 
Hydrophobicity of Ammonium Salts on Stability of Quasi-2D Perovskite Materials in Moist 
Condition. Adv. Energy Mater. 2018, 8 (21), 1–8. https://doi.org/10.1002/aenm.201800051. 
(55)  Germino, J. C.; de Freitas, J. N.; Domingues, R. A.; Quites, F. J.; Faleiros, M. M.; Atvars, T. D. Z. 
Organic Light-Emitting Diodes Based on PVK and Zn(II) Salicylidene Composites. Synth. Met. 
2018, 241 (March), 7–16. https://doi.org/10.1016/j.synthmet.2018.03.020. 
(56)  Gedamu, D.; Asuo, I. M.; Benetti, D.; Basti, M.; Ka, I.; Cloutier, S. G.; Rosei, F.; Nechache, R. 
Solvent-Antisolvent Ambient Processed Large Grain Size Perovskite Thin Films for High-
Performance Solar Cells. Sci. Rep. 2018, 8 (1), 1–11. https://doi.org/10.1038/s41598-018-
31184-0. 
(57)  Cerdán-Pasarán, A.; Sidhik, S.; López-Luke, T.; De la Rosa, E. Improved Performance of Inverted 
Planar MAPbI3 Based Perovskite Solar Cells Using Bromide Post-Synthesis Treatment. Sol. 
Energy 2019, 177 (June 2018), 538–544. https://doi.org/10.1016/j.solener.2018.11.025. 
(58)  Yu, H.; Wang, F.; Xie, F.; Li, W.; Chen, J.; Zhao, N. The Role of Chlorine in the Formation Process 
of “CH 3 NH 3 PbI 3-x Cl x ” Perovskite. Adv. Funct. Mater. 2014, n/a-n/a. 
https://doi.org/10.1002/adfm.201401872. 
(59)  Pool, V. L.; Gold-Parker, A.; McGehee, M. D.; Toney, M. F. Chlorine in PbCl2 -Derived Hybrid-
Perovskite Solar Absorbers. Chem. Mater. 2015, 27 (21), 7240–7243. 
https://doi.org/10.1021/acs.chemmater.5b03581. 
(60)  Yao, K.; Wang, X.; Xu, Y. X.; Li, F.; Zhou, L. Multilayered Perovskite Materials Based on Polymeric-
Ammonium Cations for Stable Large-Area Solar Cell. Chem. Mater. 2016, 28 (9), 3131–3138. 
https://doi.org/10.1021/acs.chemmater.6b00711. 
(61)  Etgar, L. The Merit of Perovskite’s Dimensionality; Can This Replace the 3D Halide Perovskite? 
Energy Environ. Sci. 2018, 11 (2), 234–242. https://doi.org/10.1039/C7EE03397D. 
(62)  Stoumpos, C. C.; Cao, D. H.; Clark, D. J.; Young, J.; Rondinelli, J. M.; Jang, J. I.; Hupp, J. T.; 
Kanatzidis, M. G. Ruddlesden-Popper Hybrid Lead Iodide Perovskite 2D Homologous 
Semiconductors. Chem. Mater. 2016, 28 (8), 2852–2867. 
https://doi.org/10.1021/acs.chemmater.6b00847. 
(63)  Baikie, T.; Fang, Y.; Kadro, J. M.; Schreyer, M.; Wei, F.; Mhaisalkar, S. G.; Graetzel, M.; White, T. 




Sensitised Solar Cell Applications. J. Mater. Chem. A 2013, 1 (18), 5628. 
https://doi.org/10.1039/c3ta10518k. 
(64)  Rong, Y.; Tang, Z.; Zhao, Y.; Zhong, X.; Venkatesan, S.; Graham, H.; Patton, M.; Jing, Y.; Guloy, A. 
M.; Yao, Y. Solvent Engineering towards Controlled Grain Growth in Perovskite Planar 
Heterojunction Solar Cells. Nanoscale 2015, 7 (24), 10595–10599. 
https://doi.org/10.1039/C5NR02866C. 
(65)  Heo, J. H.; Im, S. H.; Noh, J. H.; Mandal, T. N.; Lim, C.; Chang, J. A.; Lee, Y. H.; Kim, H.; Sarkar, A.; 
Nazeeruddin, M. K.; et al. Efficient Inorganic–Organic Hybrid Heterojunction Solar Cells 
Containing Perovskite Compound and Polymeric Hole Conductors. Nat. Photonics 2013, 7 (6), 
486–491. https://doi.org/10.1038/nphoton.2013.80. 
(66)  Tauc, J. Optical Properties and Electronic Structure of Amorphous Ge and Si. Mater. Res. Bull. 
1968, 3 (1), 37–46. https://doi.org/10.1016/0025-5408(68)90023-8. 
(67)  Ezealigo, B. N.; Nwanya, A. C.; Ezugwu, S.; Offiah, S.; Obi, D.; Osuji, R. U.; Bucher, R.; Maaza, M.; 
Ejikeme, P.; Ezema, F. I. Method to Control the Optical Properties: Band Gap Energy of Mixed 
Halide Organolead Perovskites. Arab. J. Chem. 2017. 
https://doi.org/10.1016/j.arabjc.2017.09.002. 
(68)  Szostak, R.; Castro, J. A. P.; Marques, A. S.; Nogueira, A. F. Understanding Perovskite Formation 
through the Intramolecular Exchange Method in Ambient Conditions. J. Photonics Energy 2017, 
7 (2), 022002. https://doi.org/10.1117/1.JPE.7.022002. 
(69)  Cao, D. H.; Stoumpos, C. C.; Farha, O. K.; Hupp, J. T.; Kanatzidis, M. G. 2D Homologous 
Perovskites as Light-Absorbing Materials for Solar Cell Applications. J. Am. Chem. Soc. 2015, 137 
(24), 7843–7850. https://doi.org/10.1021/jacs.5b03796. 
(70)  Cortecchia, D.; Neutzner, S.; Kandada, A. R. S.; Mosconi, E.; Meggiolaro, D.; De Angelis, F.; Soci, 
C.; Petrozza, A. Broadband Emission in Two-Dimensional Hybrid Perovskites: The Role of 
Structural Deformation. J. Am. Chem. Soc. 2017, 139 (1), 39–42. 
https://doi.org/10.1021/jacs.6b10390. 
(71)  Cho, K. T.; Zhang, Y.; Orlandi, S.; Cavazzini, M.; Zimmermann, I.; Lesch, A.; Tabet, N.; Pozzi, G.; 
Grancini, G.; Nazeeruddin, M. K. Water-Repellent Low-Dimensional Fluorous Perovskite as 
Interfacial Coating for 20% Efficient Solar Cells. Nano Lett. 2018, 18 (9), 5467–5474. 
https://doi.org/10.1021/acs.nanolett.8b01863. 




to Fully-Inorganic Cubic CsPbI3 Perovskites for High-Performance Solar Cells. Nat. Commun. 
2018, 9 (1), 1076. https://doi.org/10.1038/s41467-018-03169-0. 
(73)  Wang, F.; Geng, W.; Zhou, Y.; Fang, H.-H.; Tong, C.-J.; Loi, M. A.; Liu, L.-M.; Zhao, N. 
Phenylalkylamine Passivation of Organolead Halide Perovskites Enabling High-Efficiency and 
Air-Stable Photovoltaic Cells. Adv. Mater. 2016, 28 (45), 9986–9992. 
https://doi.org/10.1002/adma.201603062. 
(74)  Gan, L.; He, H.; Li, S.; Li, J.; Ye, Z. Distinctive Excitonic Recombination in Solution-Processed 
Layered Organic–Inorganic Hybrid Two-Dimensional Perovskites. J. Mater. Chem. C 2016, 4 (43), 
10198–10204. https://doi.org/10.1039/C6TC03408J. 
(75)  Petrus, M. L.; Hu, Y.; Moia, D.; Calado, P.; Leguy, A. M. A.; Barnes, P. R. F.; Docampo, P. The 
Influence of Water Vapor on the Stability and Processing of Hybrid Perovskite Solar Cells Made 
from Non-Stoichiometric Precursor Mixtures. ChemSusChem 2016, 9 (18), 2699–2707. 
https://doi.org/10.1002/cssc.201600999. 
(76)  Ke, W.; Mao, L.; Stoumpos, C. C.; Hoffman, J.; Spanopoulos, I.; Mohite, A. D.; Kanatzidis, M. G. 
Compositional and Solvent Engineering in Dion–Jacobson 2D Perovskites Boosts Solar Cell 
Efficiency and Stability. Adv. Energy Mater. 2019, 9 (10), 1–11. 
https://doi.org/10.1002/aenm.201803384. 
(77)  Dunlap-Shohl, W. A.; Zhou, Y.; Padture, N. P.; Mitzi, D. B. Synthetic Approaches for Halide 









Figure 34: Crystallite size distribution of standard perovskite films, deposited over the mesoscopic 
substrate, and surface images obtained by SEM of perovskite films with and without surfactant 
modification. (B) The contact angle between water drops and the surf 
 
 
Figure 35: X-ray diffraction patterns of CH3NH3PbI3 films deposited over the mesoscopic TiO2 
substrate before and after the modification with the surfactants. Focus on 2θ from 3° to 15° (A) and 







Table 5: Theoretical and experimental crystallographic data for the perovskite film modified with 



















3 11.43 11.16 
4 15.26 14.58 







Table 6: Theoretical and experimental crystallographic data for the perovskite film modified with 




2 ()  
Theoretical 







1 3.44 3,26 
2.69 ± 0.004 
(CH3(CH2)9N
H3)2PbI4 
3 10.32 9,82 
4 13.78 13,14 
 
Table 7: Theoretical and experimental crystallographic data for the perovskite film modified with 


















1 3.16 2,98 
2.96 ± 0.017 
(CH3(CH2)11NH3)2PbI
4 
2 6.32 5,9 
3 9.48 8,98 







Figure 36: Normalized UV-Vis and Photoluminescence spectra (A) and Tauc Plot (B) of the perovskite 
films deposited over mesoscopic TiO2 substrate with and without the proposed modification. 
 
Figure 37: (A) Photographs of the perovskite films deposited over the mesoscopic substrate showing 
the degradation patterns of perovskite after 21 days of exposure to environmental conditions. (B) X-
ray diffraction and (C) UV-Vis spectra of perovskite films. 
